INTRODUCTION
Human risk of infection with a vector-borne zoonotic pathogen is associated with the intensity of enzootic transmission and the ability of the vector population to serve as a transmission bridge from infected reservoir hosts to humans. The frequency of vector-host contacts is a key determinant of pathogen transmission dynamics and can be highly variable in space and time. Heterogeneity in contact rates arises from vector preferential feeding on specific hosts 1 -3 and from spatial clustering of vectors and hosts at specific landscape features. 4 -8 Host aggregations may further increase biting rates if they result in a stronger attractive signal to vectors, increasing local vector density in relation to hosts. 9 Virus amplification is then expected to be most intense if preferred, pathogencompetent hosts congregate in habitats suitable for vector breeding and host seeking. 4 Since the introduction of West Nile virus (WNV; family Flaviviridae, genus Flavivirus ) into North America in 1999, the number of human cases attributed to the virus has exceeded 29,000, including 1,154 fatalities in the United States. 10 Culex pipiens serve as the primary enzootic vector 11 , 12 and passerine birds serve as amplification hosts 13 in the northeastern United States. Although WNV transmission was initially associated with large-scale crow mortality in North America, corvidderived blood meals have been rarely identified in Cx. pipiens. 14 , 15 Recent studies in the northeastern United States and elsewhere have found that a single host species, American robin ( Turdus migratorius ), comprises 5-71% of all Cx. pipiens blood meals, and the majority of studies report > 40%. 14 -21 Some of these studies describe a seasonal shift in Cx. pipiens feeding from robins to other bird species 15 , 21 or humans 17 during the transmission season. In a study in Maryland, 17 this shift was presumed to be a consequence of robin migration out of urban areas.
Less frequent detection of robin-derived blood meals in late summer and fall may alternatively result from the aggregation of robins in nocturnal communal roosts. In the northeastern United States, robins, European starlings ( Sturnus vulgaris ), and common grackles ( Quiscalus quiscula ) form highly clustered communal roosts in mid-summer that continue through mid-fall. 22 , 23 Aggregation in these communal roosts results in highly patchy availability of robins as hosts to crepuscular-feeding vectors. Unless collections of blood-fed mosquitoes specifically target these roosts, the probability of finding robin-derived blood meals is expected to be low. It has been suggested that starling communal roosts act as amplification foci for eastern equine encephalitis virus 24 , 25 and that mosquitoes sampled from the vicinity of massive avian communal roosts of robins, starlings, and blackbirds were more frequently infected by an avian virus (Highlands J virus) than those sampled in swamps away from communal roosts (N. Komar, unpublished data). Communal roosting of crows 26 -29 and sparrows 30 has been proposed as a factor influencing spatial and temporal patterns of WNV transmission, although systematic assessments have rarely been carried out.
The objective of this study was to evaluate the contribution of American robin roosting behavior on amplification and intra-urban spatial heterogeneity of WNV transmission in the northeastern United States. Spatial and temporal variations in infection prevalence and host feeding behavior of the primary mosquito vectors were investigated. Finally, the potential for bridging transmission to humans in areas around communal roosts was assessed based on the composition, WNV infection, and feeding patterns of the vector community.
METHODS
Study sites. The study was conducted between May 12th and October 19 th of 2008 in 10 sites in greater New Haven, Connecticut. Three of the sites were located in suburban areas included in the Connecticut Agricultural Experiment Station (CAES) WNV surveillance network, and the other seven were identified as communal roosting sites ( Figure 1 ) . No avian communal roosts where observed at CAES sites, so we designated them as "non-roosting" sites for compara tive purposes. Additional data were collected in 2009 to mon itor the full timeline of bird-roosting behavior. A site was defined as a 500-m radius area around a pair of CO 2 -baited Center for Disease Control (CDC) light and gravid mosquito traps. At communal roosting sites, mosquito surveillance was started on or after August 10th when roosts were discovered, so comparisons between mosquito abundance and infection at communal roosting and nonroosting sites were restricted to after this date.
Breeding and roosting behavior of American robins. Beginning May 12th, 2008, we mapped American robin territories and located nests at the three non-roosting sites ( Figure 1 ). We mapped territories according to methods described elsewhere. 31 , 32 To locate the nests, we walked the site watching for females returning to the nest and adults carrying food. Nests were monitored one day per week until the end of the nesting season (late July), and we recorded the presence of eggs, nestlings, or adults and the age of nestlings. Nests were considered active from discovery to the day of fledging or the midpoint between the last recorded active day and the first inactive day. From this data, the daily proportion of active nests was calculated.
To estimate bird density, 25 point counts were conducted during the breeding season at the three non-roosting sites at randomly distributed positions located more than 200 m apart. Counts were carried out between 5:30 and 10:00 am and were not performed when winds exceeded 16 km/hour or precipitation was more than a light drizzle. Each position was visited one time between June 11th and June 26th. During each visit, we recorded all birds seen or heard within a 50-m radius of a survey position during a 10-minute period. 31 Point counts were only performed during the breeding season when males vocally defend territories and thus, were easier to detect. Birds that flew over the point circle or entered the circle mid-count were not included in the calculation of species densities. The density of each bird species at a site was estimated as the number of birds observed divided by the sum of the areas of all the point-count circles. No corrections for bias associated with point counts were made, because the available methods are not generally applicable to extensive, multiple-species surveys. 33 We began searching for American robin communal roosts the week of July 14th. To locate communal roosts, we observed robins starting 1.5 hour before sunset from locations where they were feeding. When at least 20 birds headed in a certain direction, the compass direction of departure was recorded, and observers moved to another location in that direction and resumed watching for robins. Observers continued to follow the robins until their communal roosts were located (N. Komar, personal communication) .
To aid in roost finding and monitor roost constancy, we placed 20 radio transmitters (model A2440, Advanced Telemetry Systems Inc., Isanti, MN) on 30 robins. These transmitters were designed for songbirds and weigh 2 g; this is < 5% of the bird's body weight, which is in accordance with the Ornithological Council guidelines. 34 Robins were captured with mist nets after the breeding season. Transmitters were either glued to the feathers of the lower back of the bird 35 , 36 or attached by a leg harness. 37 , 38 An R410 scanning receiver and three-element folding yagi antenna (Advanced Telemetry Systems Inc., Isanti, MN) were used to locate robins fitted with radio transmitters. Appropriate state, federal, and Yale Institutional Animal Care and Use Committee (YACUC) permits were obtained before placing radio transmitters on American robins. Each night from August 5th to October 7th, we visited all communal roosts to locate radio-tagged birds. We estimated roost constancy as the proportion of times a radiotagged bird returned to the same roost on successive nights (N. Komar, personal communication).
Additional information on usage of communal roosts from formation until peak was obtained in 2009 when systematic counts were conducted in June, July, and August. During a count, three to seven trained counters took positions around the perimeter of the roost 2 hours before sunset. Each counter focused attention on a section of the roost perimeter and recorded the number of birds that entered through that section each minute until all robins, starlings, and grackles had arrived. The number of counters needed for a count was roughly proportional to the size of the roost perimeter. The areas that were used for communal roosting in 2008 continued to be used in 2009, and we expected that the general timeline of roost usage was similar among years.
Avian exposure to WNV. We collected blood samples from robin nestlings 5-11 days old and from fledgling and adult birds after the breeding season. Blood-sample collection was limited to nestlings in accessible nests, public parks, or residential yards. Fledglings and adults were trapped at both the roosting and non-roosting sites using mist nets. Blood samples were collected using a heparinized capillary tube after the pricking of the brachial vein. The quantity of blood drawn was limited to < 1% of the bird's weight. 34 Exposure to WNV was assessed by serology and virus isolation. Blood samples were centrifuged to separate the serum fraction and tested for viral infection in Vero cell culture. Briefly, 10-20 μL of sera were absorbed onto confluent Vero cells growing in 25-cm 2 flasks, and cell cultures were screened daily for cytopathic effect (CPE) for 7 days. The limit of virus detection in Vero cell culture is one plaque forming unit (PFU ; P Armstrong, unpublished observations), and therefore, based on the volumes tested, we anticipated WNV detection when viremias exceeded 50-100 PFU/mL. Prior exposure to WNV was assessed by serological testing using the plaque-reduction neutralization test (PRNT). Bird sera were heat-inactivated at 56°C for 20 minutes, diluted 1:10 in phosphate-buffered saline, and then mixed with an equal volume of WNV (100 PFU) for a final serum dilution of 1:20. Virus-antibody mixtures were incubated at 37°C for 1 hour and then, were inoculated onto Vero cells growing in 12-well plates. Cell cultures were incubated at 37°C for 1 hour with periodic rocking to promote uniform absorption of virus and then, were overlaid with minimal essential medium, 5% fetal bovine serum, antibiotics, and 1% methyl-cellulose. Plates were returned to the incubator, and after 4 days, cell monolayers were fixed in 7.4% formaldehyde and stained with 1% crystal violet. Plaques were counted, and serum samples that neutralized > 80% of the virus inoculum were considered sero-reactive.
Mosquito abundance, WNV-infection prevalence, and feeding behavior. To monitor mosquito-community composition and infection rates with WNV, CO 2 -baited CDC light and gravid traps containing a lactalbumin and hay infusion (one of each per site) were set at the three non-roosting sites from June 3 to October 9, 2008 ( Figure 1 ). Trapping frequency was variable but occurred at least one time every 10 days throughout the entire season. Additional pairs of traps were placed at each communal roost site next to the roosting areas. These traps were set weekly as communal roosts were identified on or after August 10th until October 19th.
Mosquitoes were identified to species based on morphology 39 and pooled in groups of up to 50 by trapping location, date of collection, trap type, and species. For virus isolation, mosquitoes were homogenized and inoculated onto confluent Vero cell cultures. Cells were maintained for 7 days and monitored daily for CPE. Infected cell cultures were harvested and identified by real-time reverse transcriptase polymerase chain reaction (RT-PCR) using primer sets targeting the envelope and 3¢ non-translated regions of the WNV genome. 40 To examine feeding behavior, resting mosquitoes were collected at the three non-roosting and seven communal roosting sites between May 27th and October 9th using battery-powered modified CDC backpack aspirators (model 1412, John W. Hock Company, Gainesville, FL). For bloodmeal analysis, blood-fed mosquitoes were dissected, and DNA was individually isolated from the abdomens using DNA-zol BD (Molecular Research Center, Cincinnati, OH) following the manufacturer's instructions with modifications. PCR was used to screen extracted DNA for vertebrate mitochondrial cytochrome b gene sequences using mammalian and avian-specific primers as described elsewhere. 15 PCR products were purified using the QIAquick PCR Purification Kit (Qiagen, Valencia, CA) and sequenced at the W.M. Keck Foundation Biotechnology Resource Laboratory (Yale University, New Haven, CT), a core DNA sequencing facility. Sequences were identified and assigned to specific host species by comparison with available vertebrate sequences in GenBank.
Statistical analyses. The transmission season was categorized into "early season" (before August 10th when robins were actively breeding) and "late season" (after August 10th, when the vast majority of robins were using the communal roosts).
A negative-binomial regression model was used to evaluate differences in late-season vector community composition between communal roosting and non-roosting sites. Mosquito-abundance estimates were derived from light-trap collections. 41 The Pooled Infection Rate add-in developed for Excel 42 was used to calculate early and late season infection rates (IR) for communal roosting sites and non-roosting sites. This software uses a bias-corrected maximum likelihood estimation (MLE) to compute the infection rate (per 1,000 mosquitoes tested) and confidence intervals of mosquito pools of different sizes.
MLE IR data were derived from combined light-and gravidtrap collections.
The proportion of blood meals derived from each host species early and late in the transmission season was calculated for Cx. pipiens and Cx. restuans . Feeding index as a measure of mosquito-host feeding preference 21 was calculated for the early transmission season as the fraction of total blood meals collected before August 10th from a specific host species divided by the quotient of its density and the total avian density estimated in the June point counts. 21 For the early season data, a chi-square goodness of fit test was used to assess whether or not Cx. pipiens fed on a particular host species more than expected based on relative abundance of the host.
RESULTS
Breeding and roosting behavior of American robins. We mapped 107 robin territories and located 99 nests. Consistent with reports that robins generally produce two broods, 43 two peaks of nesting activity were observed ( Figure 2 ) ; however, the first peak in late May or early June was less defined.
Six robin communal roosts in greater New Haven were identified during the summer of 2008, five by observation and one by following a bird equipped with a radio transmitter. A seventh roost Southern CT State Univ. roost (SCSUR) was short lived, because no birds were using it by August 15th. The density of communal robin roosts in the study area that was thoroughly searched (31 km . Five of the major communal roosts were situated in wetlands dominated by Phragmites australis ; the sixth communal roost Barraclough Ave. roost (BARCR) was located in a residential area.
In 2009, robins were first observed going to communal roosts in early June. The number of robins using the roosts was low in late June (approximately 1,500 birds at all roost combined), and it increased to approximately 6,000 birds by late July ( Figure 2 ) . In late August, some roosts continued to increase in size (BARCR and State St. roost [STATR] ), whereas the other four reached a plateau or slightly decreased in size. Although we did not conduct counts in late September, the roosts were visited to determine if they were still active. All roosts were still active, but the number or robins at BARCR and East Haven roost (EAHAR) seemed smaller than in the previous counts. Reduced activity in September was also Figure 3 ) . A total of 228 mosquito pools and 2,059 individuals were tested; 15 pools of 721 individuals (110 pools) tested positive at communal roosting sites, and 11 pools of 1,338 individuals (118 pools) tested positive at nonroosting sites. The last infected mosquito pool was collected on October 13th for roosting sites ( Cx. restuans at East Rock roost [EAROR] ) and on September 30th for non-roosting sites ( Cx. pipiens in New Haven).
The proportion of robin-derived blood meals from Cx. pipiens and Cx. restuans was six of nine (66.6%) at communal roosting sites and two of eight (25%) at non-roosting sites. We detected robin-derived blood meals in mosquitoes collected at the roosts from late August through October ( Table 2 ) . By analysis of 115 engorged Aedes vexans collected in the immediate vicinity of three of the roosts (STATR, Ella T. Grasso Blvd. roost [ELLAR] , and Wilmont Rd. roost [WILMR]), we identified avian-(5.2%) and mammalian-derived (94.8%) blood meals, 6.4% of which were from human hosts.
Ae. vexans was the most abundant species in both roosting and non-roosting sites and Cx. pipiens and Cx. restuans were more abundant at non-roosting than at roosting sites (negative binomial regression; likelihood ratio χ 2 test; P < 0.0001; Table 3 ; Figure 3 . Maximum likelihood estimates of Cx. pipiens and Cx. restuans WNV infection rates at American robin and mixedspecies communal roosts and non-roosting sites during the postbreeding period (after August 10th, 2008). Figure 4 ) . Cx. pipiens abundance peaked in late July with a secondary peak in late August when most birds were using the communal roosts; Cx. restuans did not show any obvious peaks in abundance ( Figure 2 ).
DISCUSSION
Our results indicate that robin communal roosts in greater New Haven play an important role in WNV amplification with increased potential for bridging transmission to humans. Mosquito-infection rates were significantly higher at communal roosting sites than at non-roosting sites late in the transmission season. Although we cannot discount the possibility that early transmission occurred at locations where communal roosts eventually formed, our collective evidence suggests that it is the use of these sites as roosts by robins that drives lateseason amplification. Robin-roosting behavior results in large aggregations of virus-competent hosts where they are preferentially fed on by the main enzootic vectors, Cx. pipiens and Cx. restuans . Recruitment of viremic robins and immunologically naïve robin fledglings to these roosts would further intensify virus amplification later in the season. Identification of humanderived blood meals from Ae. vexans , an abundant and competent vector species at roosting sites, provides additional support for transmission to human hosts in the immediate vicinity.
Vector preferential feeding has been proposed as a mechanism driving heterogeneity in WNV transmission. 21 , 30 , 44 Consistent with previous studies, 15 , 17 , 21 we found evidence for Cx. pipiens and Cx. restuans preferential feeding on robins. However, the proportion of robin-derived blood meals did not decline later in the transmission season as previously reported in other studies where Cx. pipiens exhibited a shift to other avian species 15 , 21 or humans. 17 We note that these studies did not specifically target communal roosts for mosquito sampling. Continuous feeding on robins throughout the transmission season was reported in Tennessee and was attributed to robins being year-round residents. 18 Our study shows that in urban locations in the northeastern United States, robins reside throughout the transmission season and cluster in communal roosts at night. This results in a patchy distribution of robins, which impacts their availability to host-seeking mosquitoes later in the transmission season. These communal roosts were likely missed by other studies conducting diurnal bird surveys.
The roosting and nesting behavior of various avian species has been proposed to drive spatial patterns of WNV transmission in California. In Los Angeles, risk of human infection was associated with the distribution of dead American crow ( Corvus brachyrhynchos ) clusters around communal crow roosts. In contrast, in nearby Kern County, human cases were more evenly distributed in areas where the dominant corvid species, western scrub-jay ( Aphelocoma californica ), shows a more uniform distribution pattern. 26 Similarly, in the northeastern United States, robin communal-roosting behavior may also explain intra-urban spatial patterns of human risk of infection. It has been generally assumed that territorial birds such as American robins roost at their breeding territories. 27 Although this is true for nesting females during the breeding season, robins increasingly roost communally as the season progresses, first the males and then the juveniles as they fledge; finally, the females join the communal roosts. 43 In this study, the prevalence of WNV infection in mosquitoes collected at the roosting sites was variable but generally higher than at non-roosting sites. This finding would seem to be caused by the preferential interaction between robins and vector mosquitoes. Variability may arise from differences in communal roost size and host-species composition in mixedspecies roosts. Frequent feeding on other virus-competent roosting birds such as grackles 13 would result in WNV amplification, whereas feeding on low reservoir-competent starlings 13 would likely result in decreased transmission or dilution (Ostfeld and Keesing 45 ) of the virus. However, in our analysis, we did not identify frequent vector feeding on these hosts. A number of other factors may also impact the intensity of enzootic transmission, including roost constancy, herd immunity in avian hosts, and spatial and temporal abundance of competent mosquito vectors.
The potential of communal roosts to serve as sources of enhanced WNV infection to humans depends on the abundance, vectorial capacity, and feeding patterns of resident mosquito populations. In our study we did not identify any human-derived blood meals in Cx. pipiens , and based on previous blood-meal analyses in Connecticut, human feeding seems to be quite rare. 15 However, in Chicago, Illinois, a number of human-derived blood meals were identified in Cx. pipiens , leading authors to incriminate this species as a bridge vector to humans; this could be caused by genetic differences among regional populations. 46 Although we cannot discount the role of Cx. pipiens in transmission to humans, our study provides some additional support for the role of Ae. vexans , a moderately competent vector 11 from which WNV has been repeatedly isolated in this region. 12 We identified 7 of 109 (6.4%) human-derived blood meals in addition to limited avian feeding as a necessary prerequisite for transmission.
This study identifies the importance of American robins in WNV amplification in the northeastern United States during late-season transmission, which is when most human cases typically occur. Our study also identifies areas of intense arboviral amplification within urban localities with potential to serve as sources of infection to humans. The role of communal roosts in other geographical regions will depend on the roosting behavior of key reservoir hosts. Understanding the role of solitary versus communal roosting behavior in various WNV transmission scenarios could provide additional insights into the mechanisms driving the spatiotemporal patterns of WNV transmission.
